Iron (Fe) is an essential nutrient for plants, which catalyzes crucial cellular functions such as chlorophyll synthesis, chloroplast development, and antioxidative cell protection (Marschner, 1995) . Despite being abundant in soils, Fe mainly exists as the insoluble, nonavailable to plants, ferric [Fe(III) ] form (Lucena, 2000) . Plants have developed two separate strategies to acquire Fe(III) from soils. In strategy I plants (dicots and nongraminaceous monocots), a reduction step of Fe(III) to the bioavailable ferrous form [Fe(II) ] is required before the transmembrane import of iron (Marschner and Römheld, 1994) . In strategy II plants (graminaceous species), soil Fe(III) is chelated and transferred by the plant-exudated phytosiderophores without being previously reduced (Marschner and Römheld, 1994) . However, the identification of common elements in both strategies has weakened the strict separation between them (Schmidt, 2003) .
Iron deficiency induces ferric chelate reduction (FCR) activity in roots in strategy I plant species in conjunction or not with other adaptive responses such as rhizosphere acidification and changes in root hair and transfer cell development (Schmidt, 1999) . Nevertheless, in some annual and perennial plants, root FCR activity is induced at the presence of Fe, whereas under deficiency conditions, reduction activity remains at low levels (Bohórquez et al., 2001; Gogorcena et al., 2000 Gogorcena et al., , 2004 Ojeda et al., 2003; Zouari et al., 2001) .
The photosynthetically active mesophyll cells, and specifically their chloroplasts, are one of the major sinks of Fe in plants (Imsande, 1998; Marschner, 1995) . Iron is allocated throughout the plant as Fe(III) chelates, which must be reduced to Fe(II) to enable its transportation in the mesophyll cells (Hell and Stephan, 2003) . Ferric reduction capacity of leaf cells has been until now estimated in a few plant species with the use of intact leaves (Kosegarten et al., 1999) , excised leaf pieces (Larbi et al., 2001; Nikolic and Römheld, 1999) , plasma membrane preparations (Brüggemann et al., 1993; González-Vallejo et al., 1999) , and leaf protoplasts (González-Vallejo et al., 2000) .
Iron deficiency is a widespread nutritional disorder among the cultivated plant species and particularly in grapevine, which is induced in calcareous and alkaline soils and is known as Fe chlorosis (Mengel, 1995) . Impaired Fe nutrition causes severe symptoms in grapevine such as chlorotic leaves and decreased growth and fruit yield Bavaresco and Poni, 2003) . A wide range of resistance degrees to induced Fe deficiency can be tracked among grapevine species (Bavaresco et al., 1994) . Vitis vinifera cultivars grown by their own roots are generally efficient regarding Fe acquisition under Fe deficiency conditions induced in calcareous soils (Galet, 1979) . On the contrary, grapevine rootstocks, which are interspecific hybrids used for the control of phylloxera, exhibit diverse behavior under equivalent conditions (Tagliavini and Rombolá, 2001) , and the utilization of the most tolerant ones offers the most efficient way for alleviating Fe chlorosis in grapevine. Rootstock genotype affects to a great extent Fe nutrition in the scion cultivars whenever Fe availability is limited as a result of soil conditions (Bavaresco et al., 1993 (Bavaresco et al., , 2000 .
Grapevine is considered to be a strategy I plant because root Fe(III)-reducing capacity and rhizosphere acidification have been demonstrated for several rootstocks and vinifera cultivars under Fe deficiency conditions (Bavaresco et al., 1991; Brancadoro et al., 1995; Jiménez et al., 2007; Nikolic et al., 2000) . However, there is insufficient knowledge about the specific mechanisms that are used by grapevine rootstocks for Fe acquisition and plant responses to external Fe supply. Root FCR activity has been studied with time course experiments in the susceptible to Fe deficiency rootstock V. riparia and the tolerant vinifera cultivar 'Cabernet Sauvignon' (Jiménez et al., 2007) . Furthermore, localization of root FCR activity and contribution of root hairs to Fe acquisition processes have not yet been studied in grapevine. Recently, leaf ferric reduction activity was determined with the use of leaf disks in Concord grapevine (Smith and Cheng, 2007) .
The aim of this work was to study the characteristics of FCR activity in roots and leaves of the grapevine rootstock 140 Ruggeri, which is highly tolerant to Fe deficiency stress conditions (Tagliavini and Rombolá, 2001) . Root FCR activity was studied in time course experiments after addition or removal of Fe from the nutrient solution, in Fedeficient and Fe-sufficient micropropagated rootstock plants, respectively. Localization of FCR activity in roots and the contribution of root hairs to Fe(III) acquisition were studied. In parallel, leaf FCR activity was determined with the use of mesophyll protoplasts from in vitro-growing Fe-deficient and Fe-sufficient 140 Ruggeri rootstock plants.
Materials and Methods
Plant material, culture, and experimental design. Micropropagated plants of grapevine rootstock 140 Ruggeri (V. berlandieri · V. rupestris) were used. One-node stem explants from in vitro-growing mother plants were cultured in auxin-free culture medium (Roubelakis-Angelakis and Zivanovitc, 1991 Plants were cultured in black plastic containers with 0.5 L nutrient solution. Two plants were placed in each container. The solution in the containers was continuously aerated with air pumping. All nutrient solutions were prepared with distilled water.
Iron-deficient and Fe-sufficient plants grown under in vitro conditions were used for mesophyll protoplast isolation. To obtain these plants, newly rooted one-node explants were removed from the initial rhizogenesis culture medium and transferred to a new one supplemented with either 0 or 20 mM Fe. This medium did not contain sucrose and the pH was 5.8. The concentration of the agar (0.7%, w/v) in both media allowed the removal and transfer of the plants without causing any damage to the roots.
Plant micropropagation, culture, acclimatization, and experiments were held under a controlled environment in growth chambers. Temperature was 25.5°C, relative humidity 75%, and photoperiod 16/8 h light/dark with a photosynthetic photon flux of 300 mmolÁm -2
Ás
-1 provided by cool white fluorescent lamps. Acclimatization was achieved under the same conditions except that relative humidity was 100% at the beginning continuously descending to 75% by the end of the procedure.
The experiments were performed in a completely randomized design with four replications per treatment. Significant differences between means were determined with the use of t test. Regression analysis was also carried out to test linearity in FCR activity assays.
Preparation of mesophyll protoplasts. Protoplasts were isolated according to Katsirdakis and Roubelakis-Angelakis (1992) with modifications. The upper fully expanded leaves from Fe-deficient and Fe-sufficient plants were used after 12 d of treatment. Leaf pieces (1 · 0.2 cm) were placed on incubation medium consisting of 0.7 M sucrose, 10 mM 2-(N-Morpholino)ethanesulfonic acid (MES)-NaOH pH 5.5, 1 mM CaCl 2 , and the cell wall digesting enzymes cellulase R-10 (1%, w/v) and macerozyme R-10 (0.5%, w/v) (Duchefa Biochemie, Haarlem, The Netherlands). Incubation was carried out in 4 h in the dark and at a temperature of 25.5°C. After digestion, mesophyll protoplasts were released in the incubation medium with a gentle shaking. Protoplast suspension was loaded in centrifuge tubes and overlayered with the isolation medium consisting of 0.7 M mannitol, 10 mM MES-NaOH pH 5.5, and 0.5 mM CaSO 4 . Protoplasts were isolated after centrifugation at 1100 rpm for 15 min (SS-34, model Evolution RC; Sorvall, Kendro Lab. Products, Asheville, NC) from the interface between the incubation and the isolation medium. Isolated protoplasts were washed three times with isolation medium and were immediately used in reduction assays. The number of intact protoplasts per unit volume was determined before the assays, in a microscope with a hemocytometer, on the basis of Evans blue stain exclusion.
Ferric chelate reduction assays. Ferric chelate reduction activities were quantified with the use of 3-(2-pyridyl)-5, 6-diphenyl-1, 2, 4-triazine sulfonate (ferrozine), which chelates the reduced Fe from Fe(III) EDTA and forms the stable, water-soluble, and no permeable [Fe(II)-ferrozine] complex (Schmidt et al., 2000) .
Root FCR activity was determined in intact plant roots and in excised root segments. Two different root parts were excised, the root apical and subapical segments (both 1.5 cm long). Intact and excised roots were rinsed with distilled water to remove nutrients. Then they were soaked in 1 mM EDTA for 5 min to eliminate apoplastic Fe and washed three times with distilled water to reduce excess EDTA (Ojeda et al., 2004) . Ferric chelate reduction assays were conducted as has been previously described (Vizzotto et al., 1997) with modifications. The assay's solution consisted of 10 mM MES-NaOH pH 5.5, 0.5 mM CaSO 4 , 100 mM Fe(III) EDTA, and 300 mM ferrozine. Quantitative determination of root FCR activity in intact plants (eight plants per treatment) was performed by immersing the roots of a single plant in 50 mL of assay solution. The absorbance was recorded at various time intervals since the initiation of the assay. Plants were used once in FCR assays, root fresh weight was recorded, and then discarded from the experiments. Excised roots samples, %0.1 g each, were immersed in 2 mL of assay solution. The assay solution for the determination of mesophyll protoplasts' FCR activity comprised the isolation medium, 100 mM Fe(III) EDTA, and 300 mM ferrozine. Each protoplast assay used 5 · 10 4 protoplasts suspended in 1 mL solution. Protoplasts were removed from the assay solution with centrifugation, and the supernatant was used for the absorbance measurements. All reduction assays were performed in the dark, at 25. . Control assays were also conducted to correct any unspecific chelation of ferrozine.
Localization of root FCR activity was determined by embedding the entire root system of the plants (12 plants per treatment), 7 d after treatments were imposed, in a medium containing 0.5 mM CaSO 4 , 0.5 mM Fe(III)EDTA, 0.5 mM ferrozine, and 0.7% (w/v) agar (Schmidt et al., 2000) . Activity staining was developed after 1 h in the dark and 25.5°C and plates were photographed.
Chlorophyll and protein measurements. Leaf chlorophyll index was determined nondestructively using a portable chlorophyll meter (SPAD-502; Minolta, Ramsey, NJ). SPAD values, of the first fully expanded leaf in Fe-deficient and Fe-sufficient grapevine rootstock 140 Ruggeri plants treated with either 0 or 20 mM Fe (eight plants per treatment), were determined at the beginning of the treatments (0 d) and after 7 d. Protoplast protein extraction was carried out as described (Siminis et al., 1994) and protein concentrations were quantified according to Lowry et al. (1951) . The total chlorophyll content of protoplasts was determined after extraction with 96% ethanol applying the equations of Wintermans and De Mots (1965) .
Microscopy. Observations of root hair development and mesophyll protoplasts were performed with a light microscope (Olympus BX 40, Tokyo). Root regions either exhibiting or not ferric chelate reduction activity were marked and examined under the microscope for root hair development 7 d after treatments were imposed. Root hair patterns were recorded on positive film.
Results
After a 10-d pretreatment period, Fedeficient plants showed low root FCR activity in contrast with Fe-sufficient plants, which exhibited significant higher values (Fig. 1) . Time course measurements during the assays revealed that root FCR activity was linear for at least 2 h in both Fe-deficient and Fe-sufficient plant populations (Fig. 1) . On the basis of the previous results, all root FCR activity measurements were carried out in assays with 1-h incubation.
Root FCR activity changes were recorded in Fe-deficient and Fe-sufficient plants cultivated in nutrient solution with either 0 or 20 mM Fe (Figs. 2 and 3 ). Iron-deficient plants, resupplied with 20 mM Fe, exhibited a rapid increase of root FCR activity (Fig. 2) . Maximum values were observed 3 d after Fe addition, whereas elicited root FCR activity was five times higher than the initial one. Deficient plants not supplied with Fe retained root FCR at low levels (Fig. 2) . Root FCR activity in Fe-sufficient plants decreased gradually when Fe was removed from the nutrient solution (Fig. 3) . The lowest values were recorded 4 d after the initiation of the treatment. Iron-sufficient plants retained the elevated root reduction capacity during cultivation with 20 mM Fe (Fig. 3) (Figs. 2 and 3) .
Both Fe-deficient and Fe-sufficient grapevine rootstock plants retained a high root FCR activity when grown at the presence of Fe for an additional 2-week period under the same experimental conditions (Fig. 4) . On the contrary, the absence of Fe resulted in low FCR activity in both plant populations for the same growth period. Iron-deficient plants growing with 0 mM Fe presented a slightly higher root FCR activity after 14 d than after 7 d since the initiation of the experiment (Figs. 2 and 4 ), possibly as a result of new lateral root formation.
SPAD values were determined in the first fully expanded leaf of plants in all treatments and were found to be higher in Fe-sufficient plants (Table 1) 
Iron supply caused a significant shift in the localization pattern of FCR activity in roots. In Fe-deficient plants, root FCR activity was localized at the apical region of the lateral roots, whereas in Fe-sufficient plants, activity was detected along almost the total length of the lateral roots (Fig. 5) . Color intensity in agar-embedded roots indicates the level of FCR. Excised apical and subapical root parts, both 1.5 cm long, were used for the quantitative determination of FCR activity along the roots (Fig. 6) . In Fedeficient plants, almost the entire determined FCR activity was located at the apical 1.5-cm long region of the lateral roots, whereas in Fe-sufficient plants, the bulk of the activity was found at subapical regions. In Fe-deficient plants, root FCR values determined with the 0-to 1.5-cm apical segments were %5 times higher than those measured with intact roots (Figs. 2 and 6 ). Meristematic parts of the roots (root tips) did not exhibit any reduction activity (Figs. 5 and 7).
Root hair development was examined in roots of Fe-deficient and Fe-sufficient plants treated with either 0 or 20 mM Fe 7 d after the initiation of the treatments. Regions of roots, embedded with the agar technique, exhibiting FCR activity or not were marked and examined microscopically for root hair development. Root hair density and length in root regions exhibiting or not of FCR activity did not differ (Fig. 7) . Therefore, root hair development appeared to be independent of the existence of reducing capacity. Similar results were obtained in all treatments (data not shown). Furthermore, FCR activity was also found in totally hairless roots, which are a significant portion of the root system. Determination of leaf FCR activity was achieved with the use of mesophyll protoplasts, which were isolated from the upper fully expanded leaves of Fe-deficient and Fesufficient rootstock plants growing in vitro. Iron deficiency did not alter protoplast intactness (Table 2) . Ferric reduction activity in protoplasts was determined immediately after isolation using an assay medium with the appropriate osmoticum to maintain protoplasts intact and physiologically active. The FCR activity in mesophyll protoplasts originating from Fe-sufficient plants was higher than that measured in protoplasts from Fe-deficient plants (Table 2 ). Ferric chelate reduction activity in mesophyll protoplasts from Fe-deficient plants was decreased by 43.5% compared with that in protoplasts from Fe-sufficient plant leaves when calculated on a protoplast number basis. On a protein basis, the decrease was 40.3%. Chlorophyll content was significantly decreased in protoplasts from Fe-deficient plants compared with that from Fe-sufficient plants ( Table 2 ). The ratio of total chlorophyll measured in protoplasts from Fe-sufficient and Fe-deficient plants was 1.17, whereas the ratio in the leaves from these plants was 1.15 (data not shown). Consequently, a decrease in chlorophyll content associated with Fe deficiency was similar when calculated on a leaf basis and on a protoplast basis.
Discussion
Grapevine rootstocks show diverse behavior regarding their efficiency to acquire Fe at impaired Fe nutrition conditions (Galet, 1979) . In this work, grapevine rootstock 140 Ruggeri was chosen, among others, as a model because of its high tolerance to Fe deficiency stress conditions (Tagliavini and Rombolá, 2001) . Experimentation on young micropropagated plants comprises a series of advantages. Homogeneous plant population, rapid and visible plant responses to Fe removal, or addition and plant material free of excess accumulation of Fe in plant tissues when compared with seeds and woody cuttings are some of them. Thus far, most of the experiments in grapevine have been conducted with plants originating from woody cuttings, a plant material that is not homogeneous, because the physiological status of the mother plants differs; therefore, it is possible that variations of Fe levels in the cuttings may seriously affect the experimental results.
To circumvent the limitations of these approaches and obtain more clear evidence concerning root FCR activity in response to the external Fe addition in grapevine rootstock plants with different Fe status, an approach using two distinct homogenous plant populations, Fe-deficient and Fe-sufficient plants, was used. To our knowledge, there is no precedent of root FCR activity determination in Fe-efficient grapevine rootstocks in time course experiments. In a previous study, root FCR activity was measured during time in the efficient vinifera cultivar 'Cabernet Sauvignon' and the susceptible to Fe deficiency rootstock Vitis riparia (Jiménez et al., 2007) . Iron-deficient plants increased their root FCR values five times gradually within 3 d after Fe supply and then retained activity at high levels with slight fluctuations. On the contrary, Fe-deficient plants not supplied with Fe displayed a low stable state. It has been previously reported that Fe sufficiency caused decreased root FCR activity in the grapevine rootstocks V. riparia and 41B and the vinifera cultivar 'Cabernet Sauvignon' (Jiménez et al., 2007; Nikolic et al., 2000) . In these studies, Fe was used at a concentration of 90 or 100 mM. It is possible that excessive Fe alters the plant response regarding root FCR activity. Similar results as those reported in the present study have been also obtained with other species such as peach (Gogorcena et al., 2000; , olive (De la Guardia and Alcántara, 2002), Annona (Ojeda et al., 2003) , and tomato (Zouari et al., 2001) , in which supply of Fe(III) to Fe-deficient plants caused an increase of root ferric reduction activity.
Root FCR activity values were generally determined to be in a range from 100 to 500 nmol Fe(II) g -1 fresh weight/h -1 in grapevine rootstock 140 Ruggeri plants. These values are in accordance with those previously reported in grapevine rootstocks 140 Ruggeri (Bavaresco et al., 1991) and 41B (Nikolic et al., 2000) which is also highly tolerant to Fe deficiency. The same lower values of root FCR have been also reported for other perennial plant species (Bohórquez et al., 2001; De la Guardia and Alcántara, 2002; Gogorcena et al., 2000; Ojeda et al., 2003) .
It appears that Fe is required for root FCR activity induction in grapevine, which is not a transient effect because Fe-sufficient plants retain their capacity for Fe(III) reduction at high levels even in the presence of Fe. The results also indicate that Fe is required for the induction of FCR activity in mesophyll cells. Two possible explanations are raised as a consequence of the results. The first is that Fe is required as a constituent of the reducing enzymes, because ferric iron reductase is a flavocytochrome (Robinson et al., 1999) . The second is that Fe itself acts as a message for the activation of reducing mechanisms when Fe supply is inadequate for plant growth (Schmidt, 2003) .
Increased root hair density is a common plant response to Fe deficiency (Schmidt, 1999) . Proliferation of root hairs is observed in the areas where reduction activity is located, although not all plants show such a correlation. The results of this study clearly demonstrate that regarding grapevine rootstock 140 Ruggeri, under the described experimental conditions, root hair formation is independent of the Fe status of the plants and FCR activity levels in roots. In a previous report, it has been proposed that Fe reduction is closely related to root hair occurrence within the grapevine rootstocks 140 Ruggeri, SO4, and 101-14 (Bavaresco et al., 1991) . However, these findings have not been correlated with the Fe status of the examined rootstock plants. Root hair density and length in Fe-deficient and Fe-sufficient 140 Ruggeri plants did not differ. Levels of FCR activity were also unaffected by the presence of root hairs. It appears that root hair occurrence does not contribute to adaptation mechanisms in the grapevine rootstock 140 Ruggeri Data are means ±SE of three different experiments with n = 8. Means were separated with t test and * and ** denote significant differences at P # 0.05 and P # 0.01, respectively. The apical (0 to -1.5 cm) and subapical segment (1.5 to 3 cm), both 1.5 cm long, were excised and reduction activity was determined separately. Data are means ±SE of two experiments with four replications each. Means were separated with t test and ** and *** denote significant differences at P # 0.01 and P # 0.001, respectively.
under the experimental conditions used in this work that is tolerant to Fe deficiency. Localization of reduction activity appears to be species-dependent. A number of plants exhibit reduction activity only in the subapical region of the root, whereas in other plants, activity is located throughout the largest part of the roots (Grusak et al., 1999) . Grapevine rootstock 140 Ruggeri plants showed a significant shift in the localization pattern of root FCR activity when exposed to Fe(III) in the nutrient solution. The excised roots technique gave equivalent results to the ones observed with the agarembedded root technique, whereas color intensity matched the measured values. All experiments were conducted with young, white-colored, and nonlignified roots. Nevertheless, what causes the alteration in the distribution patterns of FCR activity in the roots of the grapevine rootstock 140 Ruggeri plants remains vague. It is possible that the level of external Fe supply leads to the expression of different reductase enzyme and electron transport systems. Apart from ferric chelate reductase, other Fe(III)-reducing agents such as exudated reductants (e.g., phenolics and organic acids) may also contribute to the phenomenon (Marschner and Römheld, 1994; Schmidt, 1999) .
Measurements of FCR activity on excised root segments, which demonstrate reducing capacity, resulted in magnified values when calculated on a weight basis and compared with total root FCR activity, because parts of the plants' root system not exhibiting activity were omitted from the assay. The use of excised root apical segments (Brancadoro et al., 1995) may lead to an underestimation of total root FCR activity of Fe-sufficient grapevine plants, because other regions of the lateral roots that also express FCR activity are eventually excluded from the assays. In Fe-sufficient plants, FCR activity, which was measured in the apical regions of the roots, was significantly lower than that measured in the subapical regions. Moreover, apical root regions of Fe-deficient plants presented higher values of FCR activity than the apical regions in Fe-sufficient plants. The results imply that the excised root apical segments technique should be used with caution, because root heterogeneity and diverse FCR localization patterns could create artifacts during measurements of root FCR activity in grapevine.
Mesophyll protoplasts provide a consistent and convenient tool for leaf FCR activity determination, because the total plasma membrane surface is exposed to the assay medium, a condition that cannot be accomplished with other techniques. Measurement of reducing capacity in intact leaves raises experimental difficulties in monitoring Fe(III) reduction activity of intact leaf mesophyll, therefore confining the measurements to the leaf xylem (Kosegarten et al., 1999) . The use of leaf disks in grapevine is also limited as a result of difficulties in peeling the abaxial epidermis. In this case, vacuum infiltration is needed, which, however, may cause artifacts as a result of broken cells, modifications of the mesophyll tissue metabolism (Larbi et al., 2001) , and uncertainty with regard to the exposure of equal number of cells to the assay medium. It has been suggested that Fe(III) reduction in sugar beet mesophyll protoplasts is light-dependent (González-Vallejo et al., 2000) . The results in this article clearly demonstrate that Fe deficiency caused a significant decrease of leaf FCR activity in grapevine rootstock 140 Ruggeri despite the fact that protoplast isolation and assays were conducted in the dark. Further research is needed to prove whether light affects ferric reduction activity in grapevine mesophyll protoplasts.
Iron deficiency decreased leaf chlorophyll index and chlorophyll content in mesophyll protoplasts. Leaf chlorosis appears to be associated with the low root and leaf FCR activity found in Fe-deficient rootstock plants. It has been suggested that chlorophyll content is well correlated with Fe(II) availability in leaves of grapevine (Chen et al., 2004; Römheld, 2000) ; therefore, it can be used as an indicator of the available Fe status of the leaf cells in grapevine species and cultivars.
In conclusion, Fe(III) affects positively the root and leaf FCR activity in the grapevine rootstock 140 Ruggeri, which is tolerant to Fe deficiency, causing the plants to maintain a stable elevated capacity for Fe(III) reduction. On the contrary, reduction activities under Fe deficiency conditions decline gradually to low levels. Mesophyll protoplasts present a convenient tool for leaf FCR activity determination. The results clearly indicate that the absolute absence of Fe diminishes FCR activity of rootstock 140 Ruggeri both in roots and leaves. Nevertheless, Fe is present at various forms and concentrations in soils even under conditions that do not favor Fe availability, like in calcareous soils, in the presence of HCO 3 -and at high pH values. Research should extend to studies on the expression of adaptive mechanisms in grapevine under the previously mentioned conditions.
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